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h as the Large Fossa crater, in the development of the new set of 
2–2003 eruptive crisis. Between October 2002 and January 2003, the 
idenced an increase in the discharge of CO2 outside the Large Fossa 
re boundary of the southern Sciara del Fuoco area. Self-potential and 
 before the 2002–2003 eruptive crisis reveal significant changes along 
 the Fossa area. The development of these anomalies is interpreted as 
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uid flow assessment before and during an eruptive crisis is 
rements of the deformation of the edifice. It demonstrates for the first omplementary to geodetic measuime the powerful potential o bining electrical resistivity tomography, self-potential, temperature, 
essing the position of the planes of mechanical weakness in a volcanic 2 
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1. Introduction
Stromboli is a small volcanic island located in the Tyrrhenian Sea,
in the northernmost part of the Aeolian archipelago. Its altitude is
924 m above the sea level high and ∼3400 m above the sea floor. The
structural and magmatological evolution of the emerged part of thisfax: +33 262 262 93 82 66.
. Finizola).island has been subdivided byHornig-Kjarsgaard et al. (1993) in seven
major periods separated by one erosional period, four caldera
collapses, and one crater and flank collapse episode. During the last
one thousand years, the eruptive activity of Stromboli was mainly
characterized by a mild persistent rhythmic explosive activity that has
been used to defined the so-called “strombolian eruptive style”. This
activity is sometimes disrupted by both lava flows andmajor explosive
events (Barberi et al., 1993; Rosi et al., 2000). During the strongest
explosive events, called paroxysmal events, an interaction between
Fig. 1.Map of Stromboli Island showing the effusive and collapse events that occurred at the beginning of the 2002–2003 eruptive crisis and the position of the monitoring network.
This network was set up at the beginning of the eruptive crisis by the Italian volcanologists to assess the stability of the Sciara del Fuoco sector collapse area. This network comprised
various scientific instruments located over the island. The Profile A–A′ located in the upper central part of the volcano corresponds to a reiterated profiled in terms of self-potential,
temperature, and soil-gas measurements. It stands along a north–south direction crossing the Sciara del Fuoco sector collapse, the Pizzo crater, the Large Fossa crater, and the SW
crater boundaries.magma and water has been suggested by Rittmann (1931) (see also
Bertagnini and Landi, 1996; Bonaccorso et al., 2003; Revil et al., 2004;
Finizola et al., 2006; Porreca et al., 2006).
On December 28th 2002, an important volcanic crisis began at
Stromboli. It involved important changes in the eruptive activity and
also in the morphology of the edifice (Bonaccorso et al., 2003; Calvari
et al., 2005, 2006, and Fig. 1). On December 28th, 2002, lava was
emitted from an eruptive fissure located in the northern part of the
Sciara del Fuoco area. This event was associated with the partial
collapse of the external northern flank of the NE crater (Figs. 1 and 2).
Two days later, on December 30th, 2002, two landslides occurred with
a total volume estimated to ∼26×106 m3 (Bonaccorso et al., 2003;
Baldi et al., 2005; Tommasi et al., 2005; Chiocci et al., 2008). These
landslides were responsible for two small tsunamis, which damaged
several houses in the villages of Piscità, Ficogrande, and Scari
(Maramai et al., 2005) (see their positions in Fig. 1). During the
seven following months, the aerial part of these collapses was quickly
refilled by the persistent effusive activity of the volcano. This effusive
activity stopped on July 22nd, 2003 (Calvari et al., 2005). This eruptive
crisis was also characterized by a centripetal deformation associated
with the collapse of the summit craters, at the junction of the Central
and NE craters and the partial collapse of the SW crater (see their
position in Fig. 2). During this period, a network of open fractures
appeared in the summit of the edifice cutting all the Fossa area. Someof these fractures were associated with the emission of fumaroles. The
horizontal and vertical displacements of these fractures reached
maximum amplitude of 15 to 20 cm, respectively, at some points.
Appearing at the beginning of the eruptive crisis, the occurrence of
these different collapses and the formation of a network of open
fractures brought some legitimate concerns about the stability of the
Sciara del Fuoco flank of the edifice (see Fig. 1). In particular, a
dramatic scenario would have been the reactivation of the sliding
plane of the entire aerial and submarine Sciara del Fuoco sector
collapse area (Fig. 1). Such a flank collapse may have mobilized a
volume of about 1 km3 according to Tibaldi (2001). This is
approximately fifty times the volume that was involved in the flank
collapses that occurred at the beginning of the eruptive crisis and that
were responsible for the two small tsunami described above. The
consequence of such a catastrophic collapse scenario would be an
important tsunami (likely more than 10 m in amplitude), which
would have severely impacted the coastland of Stromboli, the whole
Aeolian Archipelago, and the Sicilian and Calabrian shores as well
(Tinti et al., 2003).
To provide a suitable response to this potential geohazard, an
important monitoring network was quickly developed by volcanolo-
gists and the Italian Civil Protection Institute. Fig. 1 shows the different
permanent monitoring stations installed at the beginning of the crisis,
including a Global Positioning System (GPS) network, an
Fig. 2. Pictures showing the position of the network of new fractures in the summit part of Stromboli at the beginning of the 2002–2003 eruptive crisis. F1 to F6 and P1 to P3 represent
the maxima of the thermal anomalies located in the Fossa and Pizzo areas, respectively. The labels of the fractures are discussed in the main text. A: View of the Fossa area with the
three active craters. B: Details of the southern part of SW crater in the Fossa area. C: Aerial view of the summit part of Stromboli volcano showing the Pizzo area, the Fossa area, the
three active craters, the Fossetta area, and the Sciara del Fuoco area where the active lava flow took place. Profile A–A′ is shown as in Fig. 1.Electrooptical DistanceMeasurement (EDM) network, and a Synthetic
Aperture Radar (SAR). It was also time to realize all the data that were
available in this area. Since 1994, Finizola and co-workers performed a
multidisciplinary study at Stromboli involving high resolution
electrical resistivity tomography, self-potential, temperature, and
soil-gas (CO2) measurements. These surveys were performed to
study the pattern of ground water flow in the summit crater area of
Stromboli (Finizola et al., 2003; Revil et al., 2004). In addition to these
high resolution measurements, other measurements were performed
with the same set of methods at the scale of the whole island (Finizola
et al., 2002, 2006). Finizola et al. (2002) identified the presence of a
hydrothermal system intersected by two regional faults. In the
summit (Fossa-Pizzo) area, close to the active vents, self-potential,
temperature, and soil CO2 measurements revealed anomalies relatedto the uprising of hydrothermal fluids along faults bordering the rims
of the present-day active craters (especially the NE and SW craters).
They also identified additional anomalies associated with the
boundaries of two older craters called the Large Fossa crater and the
Pizzo crater (Finizola et al., 2003; Revil et al., 2004). Moreover, in the
summit area, a profile entering inside the SW crater was reiterated
five times since 1994 with some of the above-mentioned tech-
niques. In January, March, and April 2003, we carried out a campaign
of self-potential, temperature, and soil CO2 measurements at
Stromboli volcano to assess the changes of fluid flow associated
with the 2002–2003 eruptive crisis.
The goal of the present study is to test the sensitivity of the above-
mentioned set of methods (self-potential, temperature, and soil CO2
concentration measurements) to monitor the network of fractures
that appeared in the summit area of the volcano at the beginning of
the eruptive crisis (Figs. 1 and 2). All these data were analyzed to
provide a precise comparison of the fluid flow dynamics before
and during the eruptive crisis in order to provides responses to the
following questions: (1) What is the cause of the network of fractures
observed in the summit part of the volcano? (2) What is the sensi-
tivity of geophysical methods to changes in the fluid flow dynam-
ics observed in the summit area before and during the eruptive
crisis? The responses to these questions provide a better assessment
of the geohazard associated with the stability of the NW flank of
Stromboli.
2. Methods
In this section, we provide a short description of the three different
techniques (self-potential, temperature, and soil-gas) used in this
study.
2.1. Self-potential measurements
The self-potential method consists in measuring passively the
distribution of natural electrical potential at the ground surface of the
Earth with a high-input impedance voltmeter and a pair of non-
polarizing electrodes. In a volcanic context, this electrical potential
represents the signature of ground water flow and the shape of the
equipotentials is influenced by the distribution of the electrical
resistivity of the ground. The flow of ground water itself is controlled,
in steady state conditions, by the distribution of the permeability, the
capillary pressure and relative permeability curves, and the distribu-
tion of the pressure of the water phase. There is generally a positive
excess of charge in the pore water to compensate the negative charge
on the mineral surface (Revil and Leroy, 2001). However, recent
laboratory experiments demonstrated that, in some cases, the charge
of the pore water can be negative to compensate a positive charge on
the mineral surface (Hase et al., 2003; Guichet et al., 2006; Aizawa
et al., 2008). This is however not the case at Stromboli (Revil et al.,
2004).
The flow of water drags charges of the pore water and therefore
produces an electrical current (Revil et al., 1999a,b; Lorne et al., 1999a,b;
Revil et al., 2003a,b; Ishido, 2004). Self-potential is used on active
volcanoes to identify theuprisingof hot hydrothermalfluids for instance
(Zablocki,1976; Aubert and Kieffer,1984; Aubert et al., 1984; Aubert and
Lima, 1986; Aubert and Baubron,1988; Malengreau et al., 1994; Lénat et
al., 1998; Finizola et al., 2002, 2003, 2004).
Revil and Linde (2006) have developed a new theory of
electrokinetic effects based on the excess of charge per unit volume
rather than on the zeta potential. When the pH of the pore water is
close to 7±2, the theory can be associated with the fact that excess of
charge per unit pore volume scales directly with the permeability,
removing the need for additional (usually unknown) rock properties
like in previous theoretical models. This theory has been generalized
subsequently to unsaturated porous materials by Linde et al. (2007)
and Revil et al. (2007) and to flow in the inertial laminar flow regime
by Bolève et al. (2007) and Crespy et al. (2007). However, because the
pH of the pore water can change substantially over space and time in
the hydrothermal system of an active volcano, the interpretation of
self-potential data requires additional information like temperature,
CO2 soil concentration, and resistivity data.
2.2. Temperature measurements
The supply of heat in the vicinity of active craters is often
responsible for the occurrence of shallow advective thermal anoma-
lies when water is present in the pore space of the rocks. If the
temperature is above the boiling temperature of water (which
depends on the pressure and the total dissolved content), watermoves as hot steammixed with various gases inside the hydrothermal
system. Hot steam can condense near the ground surface, like at
Stromboli, or produces locally fumaroles like at Vulcano Island.
At Stromboli, high temperature anomalies measured at several
tens of centimetres deep show an excellent correlation with positive
self-potential anomalies without fumarole or temperature anomalies
directly at the ground surface (Ballestracci, 1982; Nishida and Tomiya,
1987; Aubert and Baubron, 1988; Matsushima et al., 1990; Aubert,
1999; Finizola et al., 2003; Lewicki et al., 2003). However, there are
cases for which the upwelling of hydrothermal fluids, evidenced by
temperature anomalies, does not correlate with self-potential anoma-
lies at all (Matsushima et al., 1990; Zlotnicki and Nishida, 2003).
2.3. CO2 soil-gas measurements
On active volcanoes, the exsolution of CO2 frommagma occurs at a
depth of several kilometres. CO2 rises to the surface through highly
permeable zones, which may also drain other fluids like hot steam. It
follows that these permeable areas (very often faults) are also
associated with advective heat transport and therefore temperature
anomalies. It follows that soil-gas anomalies and temperature
anomalies over open cracks and faults show usually very good spatial
correlations (Aubert and Baubron 1988; Finizola et al., 2003; Lewicki
et al., 2003). Note that a change in the concentration of CO2 can imply
both a change in the magnitude of the source (exsolution of magma
associated with new dike intrusion at depth) or a change in the
permeability of the faults associated with hydromechanical distur-
bances. Both effects are difficult to deconvolve.
3. Data acquisition
During the 2002–2003 eruptive crisis, a detailed map of the
network of fractures that occurred in the Fossa area was carried out in
the mid of January, 2003. Such a survey was repeated in the beginning
of April 2003 to check the possible development of this network
(Fig. 3). Temperature and CO2 soil-gas measurements were also
mapped along the network of fractures with a take-out of 5 m.
Moreover, before the eruptive crisis, self-potential, temperature
and CO2 soil-gas measurements were performed along a N–S profile
labelled A–A′ in Figs. 1, 2C and 3. These measurements were made in
August 1994, August 1995, May 2000, May 2002, and October 2002.
Reiterative profiles were carried out during the eruptive crisis in the
mid of January 2003 and at the beginning of March 2003. These
measurements were consistently taken at the same place by using
wooden sticks installed every 5 m along Profile A–A′ of Fig. 1 since
1994 (see Finizola et al., 2003). Self-potential data was measured
every meter, while temperature and CO2 were measured every 2.5 m
along Profile A–A′ (315 m long).
3.1. Self-potential measurements
The self-potential equipment consisted of a high internal impedance
voltmeter (100 MΩ) with a sensitivity of 0.1 mV (Metrix, model
MX20), a pair of non-polarizing Cu/CuSO4 electrodes, and an insulated
electric wire. The reference electrode was setup in the Fossetta area
(point A′, see location in Figs. 2C and 3), 200 m away from the
hydrothermal system of the Fossa area. The electrical contact with the
ground was always very good (b90 kΩ for the contact resistance
between the roving electrodes and the reference electrode). This is not
surprising as evidence of moisture was indeed consistently found at a
depth of few centimetres below the ground surface.
3.2. Temperature measurements
Thermal probes and a digital thermometer (Comark, model KM221)
were used for the ground temperature measurements. Readings were
Fig. 3. Map of the set of fractures of January and April 2003 superimposed on the thermal map carried out in August 1999 and with the structural boundaries inferred by the self-
potential, temperature, and the soil-gas measurements reported by Finizola et al. (2003). The labels F1–F6 and P1–P3 represent the maxima of the thermal anomalies detected in
1999 in the Fossa and Pizzo areas. The labels 1 to 7 (in pink) correspond to the position of the consolidated (mainly pyroclastics) outcrops. The labels 1 to 9 (in white) represent the
different sectors of fluid flow identified along the A–A′ profile. They are also shown on Figs. 6 and 9 and commented in the text. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)taken to a tenth of degree Celsius. Each temperature measurement was
takenby following four steps: (1) a small holewas dug to a precise depth
of 30 cmwith a steel rod, 2 cm in diameter, (2) then a thermal probewas
inserted into the hole at a depth of 30±1 cm by means of a graduated
wooden stick, (3) the hole was compacted around the probe, and (4) a
temperature reading was taken after 10–15 min in order to achieve
thermal equilibrium.3.3. Soil CO2 measurements
In the field, it is possible to measure both the concentration of CO2
in the vicinity of the ground surface or the flux of CO2 through the
ground surface. Etiope et al. (1999) demonstrated that a general linear
relationship exists between the ground concentration and the flux of
CO2. On Stromboli volcano, the good correlation between CO2
concentration and CO2 flux was shown along the entire island by
Finizola et al. (2006) and in the summit (Fossa) area (see a
comparison between the data of Carapezza and Federico, 2000, and
those of Finizola et al., 2003).
For practical reasons related to the weight, size, and electrical
power of the equipment we choose to measure the concentration of
CO2 rather than the flux. We discuss later the limitations of this
approach, especially in areas of high permeability draining high fluxes.
To get reliable data of CO2 concentration, gas was first pumped
through a copper tube (2 mm in diameter), inserted in the soil to a
depth of 0.5 m. The pumped gas was analysed directly in the field byinfrared spectrometry (Edinburgh instruments, model GasCheck). The
uncertainty is 5% in the concentration value.
4. Results
4.1. Location of the new fractures in the Fossa area
At the end of December 2002, at the beginning of the eruptive
crisis, a network of fractures appeared in the Fossa area, around the
SW, Central, and NE active craters (Figs. 1, 2, and 3). EDM reflectors
and GPS stationswere installed between these fractures and the active
craters (Figs. 1 and 2B) to monitor their spatio-temporal evolution
(Puglisi et al., 2005). A detailed map of the position of these fractures
is compared with the map of the thermal anomalies observed in
August 1999 by Finizola et al. (2003) in Fig. 3. This comparison allows
distinguishing two kinds of fractures: (1) the first set corresponds
to NW–SE oriented fractures. They are labelled A–B–C–D–E, B–Q,
and C–R in Fig. 3. They perfectly superimposed on the maxima of the
F1–F3 thermal anomalies identified in 1999 and associated with the
border of the Large Fossa crater (Finizola et al., 2003). (2) A second set
of fractures, roughly oriented NE–SW, is not related to previously
defined thermal anomalies. They are labelled E–F, G–H–I, J–K–L, M–N,
O–P, S–H, T–U, V–W in Fig. 3. The entire network of open fractures is
located inside or along the structural boundary of the Large Fossa
crater, along which fluids already migrated preferentially before the
eruptive crisis (see the temperature anomalies labelled F1, F3, and F6
on Fig. 3 and in Finizola et al., 2003).
4.2. Fracturing in relation to temperature and CO2 anomalies
Between the middle of January 2003 and the beginning of April
2003, wemapped the evolution of the network of fracturesmentioned
above. In less than three months, a lateral development of about 10 m
of most of these fractures occurred (see the blue segments in positions
E, F, G, J, and S in Fig. 3). A new fracture also appeared later and is
labelled X–Y in Fig. 3.
A comparison between the temperature measured in August 1999
in the Fossa area (Figs. 4A and 5) and the temperature measured inFig. 4. Location of the stations where the temperature was measured at a depth of 30 cm an
along the network of open fractures in January and April 2003. This data are superimposed
Finizola et al., 2003). A: Temperature measurements in January 2003. B: Measurements of
performed in April 2003. D: measurements of the concentration of CO2 performed in April 20
to color in this figure legend, the reader is referred to the web version of this article.)January 2003 along the fractures (colour dots in Fig. 4A) shows a
significant increase of the thermal activity in localized areas inside the
structural boundary of the Large Fossa crater. These temperature
changes, fromAugust 1999 to January 2003, can be easier compared in
Fig. 5 along the profile cutting the A–B–C–D–E–F–G–H–I–J–K–L–V–W
set of fractures. In the southern part of the Fossa area, a temperature
increase from 45–55 °C to more than 90 °C was observed, while in the
northern part of the same area, the ‘cold zone’ defined in 1999 by
Finizola et al. (2003) remained stable except for seasonal temperature
variations between the summer 1999 and the winter 2003. Betweend where the measurements of the concentration of CO2 were performed (colored dots)
on the map of temperature data (at 30 cm) carried out in August 1999 (modified from
the concentration of CO2 performed in January 2003. C: Temperature measurements
03. Notations and symbols are the same as in Fig. 3. (For interpretation of the references
Fig. 5. Reiteration of temperature (at a depth of 30 cm) and CO2 soil concentration measurements along the new fractures crossing the entire Fossa area in January and April 2003.
Labels A to W allow locating this profile on Figs. 2, 3, and 4.the middle of January 2003 (Figs. 4A and 5) and the beginning of April
2003 (Figs. 4C and 5), the temperature increased along several
fractures in the southern part of the Fossa area (e.g. T–U and S–H in
Fig. 4C), while temperature remained low (b25 °C) in the northern
area.
The CO2 soil concentrations measured along the fractures in the
middle of Januaryand at the beginningof April 2003 (Figs. 4B, D, and 5)
display high values everywhere in the Fossa area except in the cold
zone, which remained at the level of atmospheric values. This cold
zonewas interpreted by Finizola et al. (2003) and Revil et al. (2004) to
be a perched aquifer. This aquifer is probably lying over a permeability
barrier (seal) impeding the ascent of hydrothermal fluids (hot steam
and CO2) from below.
4.3. Self-potential, temperature, and CO2 reiteration along Profile A–A′
Measurements of self-potential, temperature, and CO2 soil con-
centration have repeatedly been recorded along Profile A–A′ since
August 1994. This profile (see Figs. 2 and 3) was chosen to cross four
fundamental structural boundaries, which preferentially channel the
shallow fluid migration close to the active crater area. These
boundaries are (1) the SW crater, (2) the Large Fossa crater, (3) the
Pizzo crater, and (4) the Sciara del Fuoco sector collapse (Finizola
et al., 2003; Revil et al., 2004). In order to simplify the description and
interpretation of the profile A–A′, this profile has been subdivided into
9 sectors delineated according to the concentrations of CO2 in the
soil (Figs. 3 and 6): Sectors 2, 4, 6, and 8 correspond to high CO2
concentrations. The intermediate sectors correspond to lower CO2
concentrations.
4.3.1. Self-potential measurements
Self-potential measurements were reiterated from August 1995 to
March 2003 along the profile A–A′. During this period, the self-potential data (Fig. 6) display no significant variation in the southern
part of the profile (Sectors 5–9), outside the Large Fossa crater
boundary. In contrast, in the northern part of the profile, a strong
variation in the self-potential signal occurred especially in Sectors 4
and 2. This area was also associated with the temperature and CO2
anomalies F1 and F2. In January 2003, the position of the maximum of
the self-potential shifted by 12 m to the North from its original
position in 1995 and 2000. There was therefore a striking super-
position between self-potential, temperature, and CO2 maxima on one
hand and the position of the A–B fracture in the other of the 2002–
2003 eruptive crisis (see Figs. 2, 3 and 6).
In March 2003, the measurements of the self-potential signals at
the position of the F1 and F2 anomalies reached the highest values
recorded during the whole survey. The self-potential signal increased
by ∼100 and 150 mV at the position of the anomalies F1 and F2,
respectively, betweenMay 2000 andMarch 2003. In Sector 2, the self-
potential signals at the position of the F2 anomaly changed a local
minimum during the period 1995–2000 to a maximum during the
period 2002–2003. In Sector 1, we observed a decrease of self-
potential signals from January to March 2003.
4.3.2. Temperature measurements
The anomalies F1 and F2 (Sectors 4 and 2 respectively in Fig. 6)
display no significant changes in the maxima of the temperature
before and during the eruptive crisis. At the opposite, the A–B fracture
appeared in December 2002 exactly on the temperature maximum of
the anomaly F1. Between January and March 2003, fracture X–Y was
associated with an increase of the temperature, the self-potential, and
the CO2 soil concentration, as a consequence of faulting.
The temperature profiles also revealed a reduction of the width of
the anomalies F1 and F2 between the periods 1994–1995 and 2002–
2003. In addition, the temperature measured at the southern rim of
Sector 2, from 1994 to 1995 is about 20–30 °C higher than the
temperature measured in 2002–2003. While the temperature
recorded in the first period was measured in August (1994 and
1995) and the temperature in the second period were taken in
January, March, and May, such a variation cannot be explained by
seasonal variations alone, because soil temperature reached tempera-
ture higher than in the atmosphere (about 50 °C). This aspect will be
discussed further below.
During the eruptive crisis, Sector 1 showed a twenty degree
decrease of the temperature. In the cold areas (Sectors 6, 7, 8, and 9),
outside the F1 and F2 fluid rising systems, a decrease of temperature
of about 15 °C was observed. The decrease of about 15 °C in the cold
Sectors 6, 7, 8, and 9 can be explained by seasonal variations of the
ground surface temperature. However, the decrease of more that 20 °C
in Sector 1 implies to consider changes of other parameters.Fig. 6. Reiteration of self-potential, temperature, and CO2 soil concentration measurements
crisis. Only the first 185 m of Profile A–A′ (315 m long) has been represented. The reference4.3.3. Soil CO2 measurements
The main changes in the soil concentration of CO2 occurred in
Sector 7 (see Figs. 3 and 6). In October 2002, before the eruptive crisis,
two distinct CO2 peaks were identified and related to the Sciara del
Fuoco sector collapse boundary (Sector 8) and to the rim of the Pizzo
crater, respectively (Sector 6). These two peaks were separated by
very low values of the CO2 concentrations. This was a signature of
preferential gas migrations along these two structural boundaries. In
January 2003, a sharp increase in the concentrations of CO2 occurred
between these two structural boundaries, connecting the two
previous anomalies in forming only one wide CO2 concentration
anomaly. The data of March 2003 display a general decrease of the CO2
concentration along the entire profile. However, no important
variations have been detected at the top of the F1 and F2 anomalies.along Profile A–A′ shown in Figs. 1, 2, and 3, before and during the 2002–2003 eruptive
for the self-potential measurements is located at position A′ of this profile (see Fig. 2).
The stability of the peaks of the CO2 concentrations over the anomalies
F1 and F2 was due to the saturation of the signal. Indeed, the
concentration of CO2 is buffered near saturation. The flux of CO2 would
not have such a drawback and would be therefore more sensitive to in
situ changes in the degassing of carbon dioxide. This outlines the
limitations of using the concentration rather than the flux of CO2 to
monitor areas of high degassing. However, for areas of lower
permeability, such as in Sectors 1 and 3 and in Sectors 5 to 9, the
dynamics of the CO2 concentration can be observed because it is
below the saturation of this signal.
5. Interpretation and discussion
The data obtained before and during the 2002–2003 eruptive crisis
associated with the permeability increase of the summit area inferred
from the propagation of the fracture network during the eruptive
crisis, raised three main questions: (1) What are the parameters
involved in the genesis of the fracture network across the Fossa area?
(2) What changes occurred in fluid flow and heat transfer before the
2002–2003 eruptive crisis? and (3) What changes occurred in the
flow of fluids and heat transfer during the 2002–2003 eruptive crisis?
The responses to these three questions may help to understand the
occurrence of this network of fractures in terms of potential
geohazard.
5.1. The fractures across the Fossa area
5.1.1. Analysis of the 2002–2003 fracture network
The opening of a network of fractures across the Fossa area at the
beginning of the 2002–2003 eruptive crisis raised the question of the
origin of this network. Because the fractures occurred at the beginning
of the eruptive crisis, they are likely associated, directly or indirectly,
with the two flank failures (∼26×106 m3) that occurred in the
northern part of the Sciara del Fuoco and to the collapses of the NE,
Central, and part of the SW craters. The main question we want to
discuss first is to know if these fractures are the result of a local
deformation or if they are precursory signs of a giant landslide of a
major part of the Sciara del Fuoco area (Fig. 1).
The absence of continuity of the fracture network, outside the
Fossa area (see Fig. 3), plays in favour of the assumption that these
fractures result from the centripetal deformation associated in turn by
the internal collapse of the summit craters. However, the location of
this network of fractures is not in good agreement with the expect
pattern associated with such a collapsed area in a homogeneous
material. Indeed, in this case, a collapsed area induces the apparition
of a set of bowed normal faults all around the collapsed zone at a
distance lower than the radius of the collapsed area (VanWyk de Vries
and Matela, 1998; Roche et al., 2000; Vidal and Merle, 2000; VanWyk
de Vries et al., 2000; Merle et al., 2001; Merle and Lénat, 2003;
Acocella et al., 2004). This is obviously not the case here (see Fig. 3).
Indeed, in the cold zone for instance, the distance between the inner
fractures and the boundary of the collapse area is higher than the
diameter of the collapsed area.
In order to explain the large distance from the crater collapse
boundary to the fractures, we look for an explanation related to the
possibility that the displacements that occurred inside the Fossa area
were mainly controlled by structural heterogeneities. These later
should be the consequence of old collapse events (faults or ring fault)
that occurred in the summit area. This is clearly the case for the
fractures A to E, which are located in the southern part of the Fossa
area. They coincide indeed with the structural boundary of the Large
Fossa crater previously identified by Finizola et al. (2003). This
structural boundary divides the Pizzo pyroclastic products from scoria
materials (Finizola et al., 2003; Revil et al., 2004). It is therefore
obvious that the network of fractures was guided here by the
reactivation of the Large Fossa crater fault. The problem is thereforeto understand why, further away, from point “E” in Fig. 3, the network
of fracture does not follow the Large Fossa crater boundary. One
hypothesis is to consider that other structural boundaries also control
the occurrence of these fractures in the Fossa area.We provide belowa
detailed review of the morphological evolution of the Fossa area over
the last 70 years. This review reveals that this assumption could be
correct.5.1.2. Comparison between the new fracture network and historical data
Because of its persistent activity over more than thousand years
(Mercalli, 1881; Rosi et al., 2000), Stromboli is one of the best
documented volcano in the world. Since the middle of the nineteenth
century, the explosive activity of Stromboli has been described quite
precisely. This activity is characterized by a mild explosive activity
disrupted by major and paroxysmal events (Barberi et al., 1993). The
strongest paroxysmal event known over the last century occurred in
September 11th, 1930. It was responsible for the complete reorganiza-
tion of the Fossa area (Rittmann, 1931). Sketches made by Rittmann in
1931 before and after this event are shown in Fig. 7A and B. They
show the presence of a collapse crater with a depth of several meters
located inside the larger structural boundary of the Large Fossa crater.
The Large Fossa crater can be easily recognized on the sketches as it
divides the Pizzo pyroclastite outcrops from the refilled scoria
material (see Fig. 7A and B and Finizola et al., 2003). During the
following seventy years, the structural boundary of the Large Fossa
crater has been covered by volcanic products with the exception of the
western boundary of the outcrops 3, 4, 5, and 6 (see Fig. 3).
Comparison between the position of the 1930 crater boundary
located inside the Large Fossa crater (Fig. 7B) and the position of
the fractures discussed above suggests strongly that the inner frac-
tures X–Y, T–U, S–H–I, J–K–L, and V–W in Fig. 3 have been guided by
the structural boundary of the 1930 collapse crater. With this
assumption, the T–U and S–H–I fractures appear as classic parallel
collapse fractures while the fractures E–F and G–H may be explained
by stress readjustment between the two crater collapse structures.
Since 1931, the morphology of the Fossa has evolved during two
distinct periods (see Fig. 7B and C). Between September 1931 and June
1952, the progressive construction of cones of scoria resulting from
the typical explosive strombolian activity was disrupted by seven
paroxysmal destructive events: (1) in February 2nd, 1934, (2) in
January 31st, 1936, (3) in October 26–27th, 1936, (4) in August 22th,
1941, (5) in December 3rd, 1943, (6) in August 20th, 1944, and (7) in
October 20–23th, 1950 (Barberi et al., 1993). All these events were
characterized by magnitudes that were smaller than the one
associatedwith the September 11th,1930 paroxysmal event. However,
this series of events was responsible for the construction, over
16 years (1934–1950), of a unique collapse crater boundary involving
the SW and NE craters (see Fig. 7C and Bullard, 1954). The last
important paroxysmal event before the 2002–2003 eruptive crisis
occurred in February 1st, 1954 (Barberi et al., 1993). During the fifty
following years (1954–2003), mild explosive activity allowed the
construction and individualisation of the SW and NE scoria cones.
Fig. 8 shows a comparison between the sketch made in 1952 (see
Fig. 7C), the picture taken in April 2003 (Fig. 7D), and the temperature
map realized in 1999 by Finizola et al. (2003). This comparison shows
that the 1934–1950 crater boundary has allowed a preferential fluid
migration between the F2 and F5 temperature anomalies since 2003.
The paroxysmal event of April 5th, 2003 (Calvari et al., 2006) was
responsible for the collapse of the ground between the Central and the
NE craters (Fig. 7D).
The sketch map made in 1952 (see Fig. 7C) shows also two open
“cracks” in the terminology used by Bullard (1954) in the Fossa area.
These two cracks were associated with steam emission. It is tempting
to associate these old observations to the T–U and S–H reactivated
fractures observed in 2003 (see Fig. 7D).
Fig. 7. A, B: Historical sketch map of the Fossa area before and after the largest historical paroxysmal eruption that occurred at Stromboli volcano on September 11th, 1930 (Rittmann,
1931). Panel B shows the morphological consequence of the September 11th, 1930 paroxysm. This paroxysm entirely restructured the morphology of the Large Fossa crater area.
C: Sketch of the Fossa area in June 1952 (from Bullard,1954) showing a unique crater rim between the present-day SWand NE craters. This unique crater rimwas reshaped from 1934
to 1950 by seven paroxysmal events (Barberi et al., 1993). The presence of “cracks” was observed in the Fossa area associated with steam. The position of these cracks seems
consistent with those encountered during the 2002–2003 eruptive crisis. D: Pictures of the Fossa area on April 2nd 2003, showing the area that collapsed in 2003 between the Central
and NE craters along the crater boundary visible in June 1952 (see Fig. 7C, Bullard, 1954) and evidenced in 1999 by the existence of thermal anomalies (see Finizola et al., 2003). The
labels of the fractures and other colored symbols are the same as in Figs. 2 and 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)In summary, the analysis of historical documents from Stromboli
suggests that three crater boundaries probably played an important
role in themorphological evolution of the Fossa area during the 2002–2003 eruptive crisis (Fig. 8): (1) The Large Fossa crater, (2) the 1930
crater boundaries, and (3) the 1934–1950's crater boundary. Therefore
the location of the network of fractures that appeared during the
Fig. 8. Correlation between the position of the old structural boundaries and the position of the network of fractures located in the Fossa area during the 2002–2003 eruptive crisis.
The geometry of the rims of the Large Fossa crater and the 1934–1950 crater has been determined from self-potential and temperature measurements (see Finizola et al., 2003).
The determination of the position of the boundary of the 1930 crater comes from the superposition of the 2002–2003 network of fracture and the sketches made by Rittmann (1931)
(see Fig. 7). Note the position of the 2003 collapsed area between the present-day Central and SW crater compared to Fig. 7D. The “cold zone” corresponds likely to the presence of a
perched aquifer according to Finizola et al. (2003) and Revil et al. (2004).
Fig. 9. 3D view of the Fossa area showing the 2D high resolution electric resistivity tomography section performed in May 2002 by Revil et al. (2004). The Sectors 4 and 7 (see Fig. 6)
correspond to the 2002–2003 network of fractures in the Fossa area and to the increase of the soil concentrations of CO2 between the Sciara del Fuoco sector collapse boundary and
the Pizzo crater, respectively. These sectors were already identified in May 2002, 7 months before the beginning of the 2002–2003 eruptive crisis, thanks to the inverted resistivity
cross-sections. On these cross-sections, these sectors were associated with two major electric resistivity discontinuities. The labels 1 to 9 (in white) represent the different sectors of
fluid flow identified along Profile A–A′. They are also shown on Figs. 3, 6 and commented in the text. Labels B to Y allow locating these fractures on Figs. 2, 3, 7 and 8.
2002–2003 Stromboli eruptive crisis does not play in favour for a
potential reactivation of the Sciara del Fuoco sector collapse area.
During the 2002–2003 eruptive crisis, only the permeability of the
Large Fossa (F1, F3 and F6 anomalies) and the 1934–1950's crater
boundaries (continuity between F2 and F5 anomalies) were high
enough to allow a preferential migration of fluids. Previous studies
(Finizola et al., 2003; Revil et al., 2004) showed that the Fossa area is
crossed by a drainage network of water flows coming from the
condensation of the water vapour close to the ground surface where
the anomalies F1, F2, F3, F5 and F6 are located. This shallow drainage
network crosses the 1930's crater rim. It drags water from the position
of the thermal anomalies toward the cold zone of the Fossa area,
which was interpreted by Revil et al. (2004) to be a perched aquifer.
Therefore, we can hypothesized that the 1930's crater rim cannot be
detected with thermal anomalies because this crater rim has been
sealed at a shallow depth probably comprised between 5 and 10 m
(see Finizola et al., 2003; Revil et al., 2004).
The consideration of these three crater boundaries in dragging
preferential fluid rising systems also allows better interpretation of
the detailed self-potential and temperature signal variation along
Profile A–A′, with slight increase of the signals in agreement with the
position of these structural boundaries (Fig. 6). This result supports
the presence of two preferential crater boundaries constituting the
SW crater cone (the SW and the 1934–1950 crater rims, see Finizola
et al. (2003)).
Fig. 9 shows the superposition (1) of the ground temperature data
made in 1999, (2) the high resolution electric resistivity tomography
carried out along Profile A–A′ in May 2002 before the eruptive crisis
(data from Revil et al., 2004 have been improved in this figure,
reprocessing the data with a precise digital elevation model and using
a high number of iterations) (3) the fracture network that opened
during the 2002–2003 eruptive crisis. This figure shows that the two
areas that played a major role during the eruptive crisis correspond
both to strong contrasts of the resistivity at shallow depths (see Sector
4 with the 2002–2003 fractures and Sector 7 between the southern
Sciara del Fuoco boundary and the Pizzo crater on Figs. 6 and 9). Low
resistivity values are associated with the ascent of hot hydrothermal
fluids probably in a network of open cracks. These open cracks not
only favour the migration of warm fluids but there are also mechani-
callyweak domains as evidenced by the occurrence of fractures during
the eruptive crisis. The use of electrical resistivity tomography repre-
sents therefore a powerful method to identify mechanically weak
areas that may correspond to sliding planes for landslides during a
volcanic crisis.5.2. Changes in fluid flow and heat transfer along the summit fractures
prior the eruptive crisis
The signals measured before the 2002–2003 eruptive crisis (Fig. 6)
exhibit two striking features: (1) the F2 self-potential anomaly shows
a transition from a minimum in August 1995 to May 2000 to a
maximum fromMay 2002 to March 2003. (2) The width of the F1 and
F2 temperature anomalies (Sector 3 and 5 in Fig. 6) showed a
significant decrease from August 1994 to August 1995 and from May
2002 to March 2003. These observations imply strong changes in fluid
flow and heat transfer during the period fromMay 2000 to May 2002,
so before the eruptive crisis. In order to explain the change observed in
the F2 self-potential anomaly, we suggest an inversion in the direction
of the flow of the ground water. From August 1995 to May 2000, a
preferential water infiltration system was proposed along this
structural boundary to be responsible for the self-potential minimum
(see Finizola et al., 2003, Revil et al., 2004). Since May 2002, the
increase of the self-potential signals is likely related to the upwelling
of hydrothermal fluids in this area. Such a change in the pattern of
ground water flow could be the consequence of an increase of thepermeability along this structural boundary between May 2000 and
May 2002.
The assumption of a permeability increase along the structural
boundaries associated with the anomalies F1 and F2 may also explain
the decrease of the width of the F1 and F2 temperature anomalies
observed after the May 2000–May 2002 period. Considering indeed
that the temperature distribution is both influenced by advection of
hot fluids and by the condensation of the steam (Chiodini et al., 2005),
an increase of permeability would involve an increase of the heat flux
towards the surface. But, above a threshold of permeability, part of the
advection can reach the surface and the atmosphere, and in this case,
the energy coming from steam condensation will be released outside
of the soil and will not heat the system. In this case, the width of the
temperature anomalies associated with a major upwelling of hot
fluids would be smaller and the temperature minimum between the
two anomalies would be lower because part of the steam condensa-
tion energy is lost in the atmosphere. It follows that an increase of the
permeability along the anomalies F1 and F2, and between May 2000
and May 2002 can explain both the self-potential and temperature
changes observed after this period. Moreover, this assumption is
compatible with the opening of the network of fractures observed
300 m lower, in the Sciara del Fuoco area, between November 2000
and April 2001 and showing over 45 cm of pure extensional
displacement (Tibaldi et al., 2003). These events revealed before the
2002–2003 eruptive crisis, the importance of the instability processes
occurring in the upper southern part of the Sciara del Fuoco area.
5.3. Changes in fluid flow and heat transfer along the summit fractures
during the eruptive crisis
The reiteration of self-potential, temperature, and CO2 soil-gas
measurements along Profile A–A′ allows a better understanding of the
complexity of the parameters involved in the morphological changes
that occurred during the 2002–2003 eruptive crisis. The most striking
result obtained by using simultaneously these three methods is that
the different information does not always reveal the same spatio-
temporal variations. Considering that all of the methods are sensitive
to the flow of pore fluids (water and gas), the main problem is
therefore to understand why there are such differences in the change
of these parameters andwhat information can be extracted from these
changes.
During the eruptive crisis, three geographic areas with high
variations of the self-potential, temperature, and/or CO2 soil-gas signal
were observed (see their positions in Fig. 6). They are (1) Sector 7,
corresponding to the southern present morphology of the Sciara del
Fuoco, (2) Sectors 4 and 2 corresponding to the fracture area and to the
upper external flank of the SW crater, respectively, and (3) Sector 1
corresponding to the innerflank of the SWcrater. In Sector 7, thepresent
southern morphology of the Sciara del Fuoco is interpreted as resulting
from a relatively small failure (Tibaldi, 2001; Tibaldi et al., 2003; Apuani
et al., 2005a,b).Obviously, thegeometryof this entire sliding surface is of
a major importance in term of volume and extension of this potential
collapse zone. Only the interpretation of a deep electrical resistivity
tomography crossing the Sciara del Fuoco area could give the geometry
of this potential sliding plane.
5.3.1. Changes in Sector 7
In January 2003, Sector 7 exhibits a drastic increase in the soil
concentration of the CO2 in comparison with the measurements
performed in October, 2002. However this period did not show any
concomitant significant changes in the self-potential and temperature
signals. As we are dealing with CO2 concentration and not fluxes,
two assumptions can be suggested to explain these observations. The
former corresponds to an increase in the concentration CO2 in the
magmatic source. The second possibility corresponds to a constant
source but is related to an increase of the permeability in Sector 7. The
first assumption can be dismissed right away because an increase in
the concentration of CO2 from a magmatic source would affect the
neighbouring Sectors 7 and 8. No increases in CO2 signal were
observed in Sector 8 between October 2002 and January 2003 despite
its high permeability. Therefore, the increase of the CO2 concentration
between the Sciara del Fuoco sector collapse and the Pizzo crater can
only be explained by an increase of the permeability in this area. This
suggests that the southern sector collapse area of the Sciara del Fuoco
(crossing the profile A–A′) has probably been slightly affected by the
two collapses that occurred in the northern part of the Sciara del
Fuoco on December 30th, 2002 (Fig. 1). An increase of the concen-
tration of CO2 in this area agrees also with the opening of the fractures
between November, 2000 and April, 2001 (Tibaldi et al., 2003). This is
at ∼300 m below Sector 7 where the change of permeability was
observed along Profile A–A′ (Fig. 1). Therefore, it appears that both the
northern and southern parts of the Sciara del Fuoco were affected
by gravitational instability. To monitor this instability in the upper
southern part of the Sciara del Fuoco area, one permanent GPS station
was installed just below the fractures evidenced by Tibaldi et al.
(2003) (see Puglisi et al., 2005 and Fig. 1). This was done at the
beginning of the eruptive crisis.
The data acquired in March 2003 show a slight decrease in the
concentration of CO2 along the entire profile and especially in Sector 7.
This observation can be interpreted as a lower input of CO2 through
the plumbing system of the volcano. At the opposite, it is not
consistent with a sealing effect occurring at depth that would decrease
the influx of carbon dioxide. Indeed, in Sectors 2 and 4 for instance, the
concentration of CO2 decreases while variations in the self-potential,
temperature, and faulting are consistent with an increase of the
permeability in these sectors. This hypothesis of a lower input of CO2
between January and March 2003 can find an explanation from the
fact that the effusion that appeared in the Sciara del Fuoco area on
February 15th 2003 (Calvari et al., 2006) also dragged the volcanic
gases decreasing the influx of carbon dioxide in the summit area.
In Sector 7, the self-potential and temperature data show no
significant change before and during the eruptive crisis. This suggests
that the increase of the permeability was high enough to allow higher
gas flux transfer, but not sufficient to allow higher hydrothermal flow
rates in this area. Indeed, for low permeability areas, gases are more
mobile than water.5.3.2. Changes in Sectors 2 and 4
Since January 2003, Sectors 2 and 4 showed a sharp increase in the
self-potential data, reaching the highest values (about +200 mV) in
March 2003. This result agrees with the general lengthening of the
fracture system in the Fossa area observed between January and April,
2003 (Fig. 3). Fracturing is associated with an increase of the
permeability during the first months of the eruptive crisis. This
permeability increase is in turn associated with a sharp increase of the
fumarolic activity over the highest temperature areas of the fracture
network. The increase of the flux of the pore water was also
responsible for higher amplitudes of the streaming potentials along
the fracture network. The fractures of the anomaly F1 (see location in
Fig. 6) exhibit an increase of the amplitude of the self-potential signals
during the eruptive crisis. The same is true for the anomaly F2 (see
Fig. 6) despite the fact that this anomaly has not been affected at the
ground surface by a visible network of fractures. This increase in the
amplitude of self-potential signal between January and March 2003
could be interpreted as the consequence of the increase in the
fumarolic activity observed along the fracture network, dragging
therefore more electrical charges toward the surface. As described in
Section 5.1, the anomalies F1 and F2 are supposed to contain a double
fracture system related (1) the Large Fossa crater and the 1930's crater
boundary and (2) the 1934–1950's crater and SW crater boundary
(Figs. 6 and 9). It can be therefore hypothesized that during the firstmonths of the eruptive crisis, the permeability increased along all of
these limits.
We note that while self-potential data anomalies increased in
magnitude, the maxima in the temperature distribution did not
display any significant variation for the same F1 and F2 anomalies.
This absence of increase is well-explained by the fact that the
temperature does not exceed the boiling point of water.
The temperature and CO2 maps of January and April 2003 (see
Fig. 4) show that the migration of the temperature along the fracture
system was slower than the migration of the CO2 signal. Indeed, by
January 2003 the values of CO2 (Fig. 4B) were already high and very
similar to those of April 2003 (Fig. 4D), whereas for the temperature
maps, a significant temperature increase was observed between
January 2003 (Fig. 4A) and April 2003 (Fig. 4C). This observation is
consistent with the fact that the thermal diffusivity is much smaller
than the diffusivity associated with the transport of carbon dioxide
(Chiodini et al., 2005).
5.3.3. Changes in Sector 1
From January to March 2003, we also observed a sharp decrease in
the values of the self-potential and temperature inside the SW crater
(see Sector “1” in Fig. 6). This observation is likely related to the
cooling of the SW crater because of the descent of the magma (the
heat source) inside the conduits to sustain lower-elevation lava flows
associated with the effusion of the magma in the Sciara del Fuoco area
(Fig. 1).
In terms of evaluating the occurrence of a possible landslide, this
means that the southern Sciara del Fuoco area has been only slightly
affected by the eruptive crisis. The higher permeability deduced from
the data of January 2003 stopped increasing in the southern Sciara del
Fuoco area at that time while the fracturation of the Fossa area
remained active from January to March 2003. The evolution of the
permeability of the structural boundaries in the summit area, during
the first months of the eruptive crisis, implies that the most probable
collapse event was related to the collapse of old crater boundaries
inside the Fossa area. The possibility of a flank destabilization of the
entire Sciara del Fuoco area was therefore unlikely for this eruptive
crisis. This is the main finding of the present work. This hypothesis is
also in good agreement with the March 15th, 2007 eruptive crisis of
Stromboli, which induced a vertical collapse of the summit crater area
(Neri and Lanzafame, 2008).
6. Conclusion
Combining electric resistivity tomography, self-potential, tempera-
ture, and the measurement of the soil CO2 concentration represents a
powerful approach to follow the dynamics of fluids flow along faults
and fractures in a volcanic edifice. These methods applied before and
during the 2002–2003 Stromboli eruptive crisis show the complex
structural pattern of the Fossa area in terms of old structural
boundaries playing a prominent part in the opening of a new network
of fractures and the concomitant collapse of several areas. The data
collected before the 2002–2003 eruptive crisis allows to infer themost
permeable areas of this system. These permeable pathways are also
interpreted as mechanically weak areas. These weak zones evolved in
open fractures during the eruptive crisis. Self-potential, temperature,
and CO2 concentration techniques also showed permeability changes
during the eruptive crisis, and the related disruptions in the
channelling of the ground water along several structural boundaries.
In terms of potential volcanic hazard, the evolution of these structural
boundaries, during the first months of the eruptive crisis, suggests
that the most probable collapse event would be related to the collapse
of old crater boundaries inside the Fossa area rather than a possible
destabilization of the Sciara del Fuoco area. This hypothesis has been
confirmed in 2007 by a new eruptive crisis that reached the collapse of
a large part of the Fossa area. The increase of the permeability of the
southern part of the Sciara del Fuoco sector collapse area, at the
beginning of the 2002–2003 eruptive crisis, and the potential
consequences of such a giant landslide in terms of tsunami generation
affecting all of the Tyrrhenian sea coasts, suggest the need for a
permanent monitoring system in this area. The identification of
strategic areas to install permanent monitoring systems, where the
signal amplitude variation is significant during an eruptive crisis,
needs previous detailed mapping and accessibility of the upper part of
a volcano using these different techniques. Therefore, electric
resistivity tomography, self-potential, temperature, and soil-gas
measurements offer a powerful tool in locating the structural
discontinuities inside the volcanic edifice involving differential fluid
flow pathways useful to assess potential collapses associated with
fault planes.
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